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Hypothesis: Gelatin is one of the most popular constituents of biodegradable/edible films. Because of its
poor mechanical properties, it typically needs to be cross-linked. In this regard, the use of tannic acid has
attracted significant interest. Whereas the biodegradability of gelatin is well established, little is known
on how different crosslinking methods affect biodegradability. In most cases, the ionic strength at which
protein films are grown has a drastic effect on their structure. Thus, it is expected that by controlling the
ionic strength during the growth of cross-linked gelatin films it should be possible to tune the access to

éi{::?r:ds'. relevant cleavage sites by proteases and, therefore, their biodegradability.

Tannic acid Experiments: Gelatin-tannic acid were grown at different ionic strengths by means of the layer-by-layer
Biodegradable films self-assembly method. The growth of these multilayers and their response to the presence of different
Edible films proteases were monitored by means of Electrochemical Impedance Spectroscopy and Quartz Crystal
Proteases Microbalance with Dissipation.

Electrochemical Impedance Spectroscopy
Quartz Crystal Microbalance with
Dissipation

Findings: Gelatin-tannic acid multilayers grown at low ionic strength exhibited a swollen structure that
allowed easy access to their cleavage sites by proteases. Multilayers formed at physiological ionic

strength exhibited a compacter structure, which limited their proteolytic degradation.
© 2018 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Protein films are of high interest for a wide range of applica-
tions. They stand out e.g., as ideal substitutes of the highly contam-
inant synthetic films. The use of synthetic packaging films is
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indeed the source of a major environmental problem. Due to their
non-biodegradability, these materials constitute a major waste
management issue with associated problems for wildlife and even
for human health [1]. Thus, there is a vital need to develop
biodegradable and environmentally friendly packaging materials
[2]. In this regard, edible materials, specially protein films, stand
out not only because of their guaranteed biodegradability, but also
because of their extraordinary potential use in the food industry
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[3]. Beside this, protein films are of interest in many other applica-
tions such as biosensors [4,5], biofuel cells [6,7] and coatings for
implants and biomedical devices [8,9]. For all these applications,
it is of high relevance to understand how protein films resist pro-
teolytic degradation as this process can reduce the performance
and lifespan of the films but also ensure their biodegradability.

This work focuses on gelatin-based films. Gelatin is a protein
widely used as a biomaterial in pharmaceutical, food, and medical
applications [10]. Moreover, it is a renewable, biodegradable and
edible material [11] that provides low gas permeability [12-14].
However, gelatin exhibits poor mechanical properties, especially
when exposed to wet and/or humid conditions. To enhance its
mechanical strength and water resistance, structural modifications
are normally required. Specifically, this have been achieved by
crosslinking gelatin with a variety of compounds e.g., formalde-
hyde [15]. However, many of these compounds present toxicity
concerns. In order to avoid this risk, non-toxic compounds such
as phenolic compounds have attracted significant interest [16]. In
this regard, significant research has been performed on the use of
tannic acid (TA) to crosslink gelatin [17-20] due to its ability to
render films with enhanced water barrier and mechanical proper-
ties [21].

The biodegradability of gelatin is well-established [22,23]. This
is obviously one of the main advantages of gelatin-based films
(along with its food compatibility). Thus, it is of main importance
to know whether this aspect is affected if a crosslinking method
is employed to construct gelatin-based films. However, only few
works have addressed the biodegradability of chemically cross-
linked gelatins e.g., [24,25], and none of these studies focused on
gelatin-TA films. The original aim of this work was to address this
gap in knowledge. For this, we constructed gelatin-TA films at dif-
ferent ionic strengths by means of the layer-by-layer self-assembly
method and subsequently exposed them to proteases of different
origin. We monitored this process by means of Electrochemical
Impedance Spectroscopy (EIS) and Quartz Crystal Microbalance
with Dissipation (QCM-D). Our results evidenced that gelatin-TA
films grown at physiological ionic strength exhibited a high resis-
tance to proteolytic degradation. Thus, they are better suited for
applications where a long lifespan is desirable. On the contrary,
gelatin-TA films grown at low ionic strength were quickly
degraded by proteases. This, along with the fact that this process
could be well characterized by means of EIS, suggest that these
films could be employed e.g., in bacterial/biofilms electrochemical
sensors. To further explore this aspect, we also investigated the
incorporation of gold nanoparticles (AuNPs) into gelatin-TA films
as a way that could enhance the EIS response to the presence of
proteases in solution. However, our results showed that the incor-
poration of AuNPS in the films drastically hindered their prote-
olytic degradation independently of the ionic strength at which
they were grown.

2. Materials and methods
2.1. Materials

The following chemicals were purchased from Sigma-Aldrich
and used without further purification: gelatin from cold water fish
skin (Prod. No. G-7041), trypsin from porcine pancreas (Prod. No.
T7409) and proteinase K from Tritirachium album (Prod. No.
P5056). All other chemicals were at least of analytical grade and
also purchased from Sigma-Aldrich: poly-L-Lysine hydrobromide
(Prod. No. P-2636), tannic acid (Prod. No. 403040), sodium
ferrocyanide decahydrate (Prod. No. 13425), potassium hexa-
cyanoferrate (III) (Prod. No. 393517), gold (III) chloride trihydrate
(Prod. No. 520918), sodium citrate dehydrate (Prod. No.

W302600), phosphate buffered saline (PBS) tablets (Prod. No.
P4417) and Hellmanex III (Prod. No. Z805939).

Gold nanoparticles (AuNPs) were synthesized by reduction of
Gold (Ill) chloride trihydrate by sodium citrate dehydrate as
detailed in [26]. The size and concentration of the AuNPs in water
solution were ca. 28 nm (determined by Dynamic Light Scattering)
and 1.44-10""ml™' (determined from Ultraviolet-visible spec-
troscopy [27]) respectively.

PBS buffer was prepared from the tablets according to Sigma-
Aldrich instructions resulting in 137 mM NacCl, 2.7 mM KCl and
10 mM phosphate buffer solution (pH 7.4 at 25 °C). Either solutions
were prepared in this PBS buffer, or in what we named diluted PBS
buffer (dPBS) were the original PBS buffer was diluted in Ultra High
Quality (UHQ) water 10 times in volume.

2.2. Layer-by-layer growth of gelatin-tannic acid films

Multilayers were grown from gelatin, tannic acid (TA) and poly-
I-lysine (PLL) solutions at a 0.1 mg ml~! concentration in either PBS
or dPBS buffer (each experiment was performed by using a single
type of buffer). Immediately after preparation, all solutions were
stored at -20 °C and only thawed just before being used. For build-
ing the multilayers, a PLL solution was initially flowed through the
experimental chamber during 10 min, then flow was stopped and
the layer stabilized for another 10 min and finally the specific buf-
fer of the experiment was rinsed for an additional 10 min period.
Then, gelatin and tannic acid multilayers were formed by following
the same time steps i.e., 10 min flow of the solution, 10 min stabi-
lization under non-flow conditions and 10 min rinsing with the
specific buffer used in the experiment. Multilayers were grown
until a 5th gelatin layer was adsorbed. In some experiments this
was followed by 20 min exposure of the multilayer to a protease
solution (trypsin or proteinase K) at a concentration of 0.1 mg
ml~!; always in PBS buffer (independently of the buffer used for
building the multilayers). In some other experiments, exposure
to the proteases was preceded by the adsorption of gold nanopar-
ticles (AuNPs). This was done by flowing over the 5th gelatin layer
the AuNPs in UHQ water solution specified above for 10 min fol-
lowed also by a 10 min stabilization period and a 10 min rinsing
in the specific buffer of the experiment.

2.3. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) measurements
were conducted with an Inter-Digitated gold Electrodes (IDEs)
(G-IDEAU10, DropSens, Llanera, Spain) placed in a flow chamber.
G-IDEAU10 comprised 250 x 2, 10 um broad, electrode fingers
with 10 pm gap in between. The IDE was connected in two-
electrode configuration to a potentiostat (Iviumstat, Ivium Tech-
nologies, Eindhoven, The Netherlands). EIS was run in a frequency
range from 1 Hz to 0.1 MHz with five frequencies per decade. The
amplitude of the applied alternating voltage was 0.02 V, DC voltage
was 0V.

For EIS experiments, multilayers were grown as specified above,
with the difference that the buffer used in each rinsing step con-
tained 1 mM Nay[Fe(CN)s] and 1 mM Ks[Fe(CN)g] to enable the
EIS measurement after each rinsing step. Results were fitted to
an equivalent circuit model consisting on a solution resistance
(Rs) connected in series with a parallel combination of a constant
phase element (CPE) and charge transfer resistance (Rcr). CPE
accounts for the electric double layer capacitance at the elec-
trodes—electrolyte interface, and a charge transfer resistance
reflected the heterogeneous charge transfer process between the
redox reagent in solution and the surface of the IDE electrode
[28]. Fittings were performed by means of the IviumSoft software
(Ivium Technologies, Eindhoven, The Netherlands).
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2.4. Quartz Crystal Microbalance with Dissipation (QCM-D)

Quartz Crystal Microbalance with Dissipation (QCM-D) mea-
surements were performed by using an E4 system (Q-Sense AB,
Sweden). A detailed description of the technique and its basic prin-
ciples can be found elsewhere [29]. Briefly, an alternating-current
voltage is applied through a gold-coated quartz chip to stimulate
the shear mode oscillation of the quartz crystal. Specifically, in
our experiments we used gold-coated AT-cut piezoelectric quartz
crystals (QSX 301, Q-Sense AB, Sweden). Adsorption of a certain
amount of mass, I', onto the sensor surface leads to a decrease in
the frequency of the resonance overtones, f,. Along with the shifts
in f,, QCM-D is able to detect changes in the dissipation factor, Dy,
of each of the overtones [30]. The dissipation factor represents the
ratio between the energy dissipated by the sensor during a single
oscillation after switching off the driving voltage, and the initial
oscillation energy of the sensor.

If the adsorbed layer is rigid enough so that the dissipation fac-
tor D,, can be neglected, the shifts in f, scaled by the overtone num-
ber n are linearly related by means of the Sauerbrey equation [31]:

Afy _ ,&fa (1)
no oz

where n is the overtone number, Af,, the frequency shift of the nth
overtone, I' is the adsorbed amount, f; is the quartz fundamental
frequency and Z, its acoustic or mechanical impedance. It can be
noted that within the Sauerbrey approximation, a similar mass
would be obtained from the analysis of all overtones. However,
the multilayers may exhibit a viscoelastic character instead. For vis-
coelastic films, Af,/n exhibit a dependence with n and the dissipa-
tion factor, AD,, are not negligible. In this case, the Sauerbrey
approximation usually underestimates the areal mass, and the
Voigt model provides more accurate values. The expressions
obtained by applying the Voigt model for a viscoelastic film at a
solid/liquid interface are [32]:
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In these equations d, p, and m, stand for thickness, density, and
27f,, respectively. The subscripts Q, p, and I stand for quartz crystal,
protein film, and liquid medium respectively. In this work, the
D-Find software (Q-Sense AB, Sweden) was used to fit experimen-
tal data with both the Sauerbrey and Voigt models. For both fits,
the overtones 5, 7 and 9 were used. For the case of Sauerbrey mass,
this meant that for every time point of the experiment, the pro-
vided adsorbed amount is the average resulting from applying
Eq. (1) to each of these overtones.

Before every experiment, sensors were rinsed extensively with
UHQ water, treated in a Hellmanex II 2% (v/v) water solution for 10
min. and subsequently rinsed again extensively with UHQ water.
Finally, before being used, the sensors were dried under nitrogen
and plasma-cleaned for 5 min in low-pressure residual air using
a glow discharge unit (PDC-32 G, Harrick Scientific Corp., USA).
Clean sensors were then placed in QCM-D chambers thermostated
to 25 °C. Liquid solutions were supplied into the QCM-D chamber
using an Ismatec peristaltic pump IPC-N 4 at a flow rate of
0.1 ml min~. In the beginning, the chambers were filled with the

buffer that would be used for building the multilayers (PBS or
dPBS). After stable frequency and dissipation signals were
observed, gelatin-TA multilayers were growth by flowing appropri-
ate solutions following the protocol detailed above.

3. Results
3.1. Electrochemical Impedance Spectroscopy (EIS)

The growth of gelatin-TA multilayers at different ionic strengths
and their resistance to proteolytic degradation was investigated by
means of EIS. Fig. 1a shows a Nyquist plot for a representative
experiment were a gelatin-TA multilayer was grown on a PLL-
coated Au electrode in diluted PBS buffer. Adsorption of an initial
PLL was required in order to increase sensitivity of EIS, probably
by preventing denaturation of gelatin on the Au surface. Fig. 1 also
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Fig. 1. (a) Nyquist plots for a representative growth of a gelatin-TA multilayer on
PLL-coated gold treated with protease K in the end of the experiment. (b) and (c)
Average Rcr values for the growth of the multilayers in dPBS and PBS buffers
respectively. Data corresponding to the multilayers growth were calculated from 4
different experiments, whereas data for the multilayers rinsed with each of the
enzymes were calculated from 2 different experiments. G1-5 note the system after
the deposition of the 1st to the 5th layers of gelatin. T1-4 note the 1st to the 4th
layers of TA intercalated between the gelatin layers. NPs notes the adsorption of
gold nanoparticles. Enz notes the multilayers after being treated with a given
protease. This nomenclature is maintained in all other figures of the manuscript.



S. Bahmanzadeh et al. /Journal of Colloid and Interface Science 526 (2018) 244-252

shows the drastic effect of exposing the multilayer to a protease
(proteinase K in this specific case) solution.

For every layer, EIS data was fitted to an equivalent circuit
model consisting of a solution resistance connected in series with
the parallel combination of a constant phase element and a charge
transfer resistance (see Section 2). The charge transfer resistance,
Rcr, results from the charge transfer process between the redox
reagents and the electrodes. Thus, we have used this parameter
to characterize the growth of the multilayers and their behavior
upon the exposure to proteases. Fig. 1b shows average R¢r values
obtained for the multilayers grown in diluted PBS (dPBS) buffer.
Fig. 1c shows similar results but for multilayers grown in PBS buf-
fer (i.e., physiological ionic strength). Overall, data shows that at
both investigated ionic strengths Rcp increases along with the
number of gelatin-TA deposition cycles. However, when grown at
physiological ionic strength the multilayers showed significantly
(approx. 10 times) higher resistance to heterogeneous redox con-
version of ferri/ferrocyanide at the electrode surface.

The ionic strength at which the multilayers were grown had as
well an effect on their resistance to proteolytic degradation. When
grown at low ionic strength, Rer could be significantly decreased
upon the exposure of the multilayers to the proteases trypsin
and proteinase K (Fig. 1b). However, the decrease was significantly
lower when the multilayers were grown at physiological ionic
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strength (Fig. 1c). Specifically, for the multilayers grown at low
ionic strength, the ratio between Rer calculated after and before
the exposure to the proteases was 0.08 + 0.02 in the case of trypsin
and 0.09 £0.04 in the case of proteinase K. For the multilayers
grown at physiological ionic strength, the corresponding ratio
between R¢y values after and before the exposure to the proteases
was 0.56 + 0.01 in the case of trypsin and 0.57 £ 0.37 in the case of
proteinase K.

We also monitored by means of EIS the adsorption of AuNPs on
the multilayers and how this affected proteolytic degradation (data
included in Fig. 1b and c). Specifically, EIS revealed that the adsorp-
tion of AuNPs on top of the multilayers had a relatively small effect
on Rer i.e., for both type of multilayers it led to a change similar to
that observed after adding TA in the previous growth steps. How-
ever, this had a drastic effect on the resistance to proteolytic degra-
dation of the multilayers. Fig. 1b and c¢ also show that the
multilayers covered with AuNPs were almost unaffected when
exposed to proteases, independently of the ionic strength at which
they were grown.

3.2. Quartz Crystal Microbalance with Dissipation (QCM-D)

In order to gain further mechanistic insight into the structure of
gelatin-TA multilayers and on how it affects their resistance to
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Fig. 2. (a) Frequency and dissipation shifts for the 5th, 7th and 9th overtones corresponding to a representative experiment where gelatin-TA multilayers were grown in
diluted PBS buffer followed by rinsing with a proteinase K solution. (b) Sauerbrey and Voigt masses and (c) —AD;/Af; calculated from the data in (a). (d) Frequency and
dissipation shifts for the 5th, 7th and 9th overtones corresponding to a representative experiment where gelatin-TA multilayers were grown in PBS buffer with physiological
ionic strength followed by rinsing with a proteinase K solution. (e) Sauerbrey and Voigt masses and (f) —AD,/Af; calculated from the data in (d).
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protease degradation, these systems were investigated by means of
QCM-D. Specifically, we report here studies on multilayers built on
top of a PLL-coated gold surface i.e., on the same type of multilay-
ers investigated by means of EIS so that results from both tech-
niques could be compared. Nevertheless, we also investigated by
means of QCM-D gelatin-TA multilayers built directly on gold sur-
faces (Supplementary Information, Fig. S1), and no major differ-
ences with respect to those built on top of a PLL layer were found.

QCM-D results from representative experiments are shown in
Fig. 2. Fig. 2a shows frequency and dissipation shifts for the 5th,
7th and 9th overtones corresponding to a representative experi-
ment where gelatin-TA multilayers were grown in diluted PBS buf-
fer and then rinsed with a proteinase K solution. It can be observed
that most of frequency and dissipation shifts occur during the for-
mation of the PLL layer and during the two initial gelatin-TA depo-
sition cycles. Adsorption of additional layers led to significantly
lower frequency shifts indicating the difficulty for the multilayers
to grow any further. Dissipation shifts followed a slightly similar
trend, even though for this signal it is clear how higher values were
observed after the addition of gelatin than after the addition of TA
for any of the deposition cycles.

We used both the Sauerbrey (Eq. (1), the plotted mass at any
time point is the average from the Sauerbrey masses obtained for
the 5th, 7th and 9th overtones) and Voigt (Egs. (2a) and (2b)) mod-
els to estimate the areal mass of the multilayers. Fig. 2b shows the
results for this modelling for multilayers grown in diluted PBS buf-
fer. In this situation, because of the low AD values, the Voigt model
could not be used to fit the initial PLL layer and the rinsed multilay-
ers after their exposure to proteases. This was possible instead for
the rest of the experimental intervals, and a comparison between
the results from both models indicated (as expected) that the
Sauerbrey mass underestimated the Voight mass. Nevertheless,
results from both models exhibited a similar trend. In conse-
quence, results from the Sauerbrey model were used to discuss
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the areal mass of the multilayers. Fig. 3a shows the average Sauer-
brey mass corresponding to each of the steps of the growth of the
multilayers in diluted PBS buffer calculated from eight different
experiments. This figure shows that addition of the first gelatin
layer gave rise to a significant increase in the adsorbed mass, which
was lowered when adsorbing TA on top. A similar behavior was
observed for the second deposition cycle. However, further deposi-
tion cycles only led to very low changes in the adsorbed mass, even
though an increasing trend was still observed.

Dissipation shifts are associated not only with the viscoelasticity
of the adsorbed material but also with changes in mass [33]. Still, a
simple way to qualitatively describe the viscoelasticity of the
adsorbed material is to analyze the ratio between frequency and
dissipation shifts, —AD/Af [34,35]. Higher values for this ratio indi-
cate a higher viscous character. Fig. 2c shows the evolution of —AD/
Af during the formation of the multilayers for the 5th, 7th and 9th
overtones. Fig. 3b shows, for the 7th overtone, the average of this
ratio after each rinsing step calculated from eight different experi-
ments. This data revealed that the adsorption of gelatin led to a sig-
nificant increase of the viscous character of the multilayers whereas
this character significantly decreased after TA adsorption. Never-
theless, when considering gelatin-TA deposition cycles as a whole,
—AD|Af exhibited a trend indicating that a higher number of depo-
sition cycles leads to more viscous multilayers (Figs. 2c and 3b).

The exposure of the multilayers grown at low ionic strength to
the proteases trypsin and proteinase K significantly reduced both
their mass and viscous character (Fig. 3a and b). Specifically the
ratio between the Sauerbrey masses after and before the exposure
to the proteases was 0.48 + 0.15 for trypsin and 0.59 + 0.18 for pro-
teinase K, whereas the ratio between the corresponding —AD-/Af;
was 0.25 + 0.07 for trypsin and 0.28 + 0.10 for proteinase K.

The multilayers exhibited a different structure when grown at
physiological ionic strength (PBS buffer). In this case, the frequency
shifts (Fig. 2d) and the corresponding adsorbed masses (Figs. 2e
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Fig. 3. (a) Sauerbrey mass and (b) —AD-/Af; values for the building of gelatin-TA multilayers on PLL coated gold surfaces in diluted PBS buffer (low ionic strength) and rinsed
with both trypsin and proteinase K solutions. (c) Sauerbrey mass and (d) —AD7/Af; values for the building of gelatin-TA multilayers on PLL coated gold surfaces in PBS buffer
(physiological ionic strength) and rinsed with both trypsin and proteinase K solutions. Data corresponding to the multilayers growth were calculated from 8 different
experiments, whereas data for the multilayers rinsed with each of the enzymes were calculated from 2 different experiments.
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Fig. 4. (a) Sauerbrey mass and (b) —AD,/Af; values for the building of gelatin-TA multilayers, in diluted PBS buffer (low ionic strength), covered with an AuNPs layer and
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ionic strength), covered with an AuNPs layer and finally rinsed with both trypsin and proteinase K solutions. Data corresponding to the multilayers growth were calculated
from 8 different experiments, whereas data for the multilayers rinsed with each of the enzymes were calculated from 2 different experiments.

and 3c) indicated that the growth of the multilayers exhibited a
linear behavior, even though addition of TA from the third deposi-
tion cycle led to a subtle decrease in mass in relation to that of the
previous gelatin layer. This behavior can be clearly observed in
Fig. 3e which shows the average of the Sauerbrey mass after each
rinsing step calculated from eight different experiments. Regarding
the viscoelastic indicator —AD/Af, Fig. 2f shows that gelatin
adsorption increased the viscosity of the multilayers while addi-
tion of TA reduced it. Whereas it could be inferred from Fig. 2f that
the effect of gelatin adsorption on the —AD/Af signal decreased as
the number of deposition cycles increased, this was not a repro-
ducible behavior. As seen in Fig. 3d, which shows the average
—AD-/Af; value after each rinsing step calculated from eight dif-
ferent experiments, after the second gelatin/tannic acid double
layer the effect of either gelatin or tannic acid adsorption on the
overall AD/Af ratio did not exhibit a clear dependence with the
number of previously adsorbed layers.

The ionic strength at which the multilayers were grown also
had a significant effect on their ability to resist protease degrada-
tion. While the exposure to proteases of the multilayers grown at
physiological ionic strength led to a decrease of their mass and vis-
cous character, this decrease was smaller than that observed for
the multilayers grown at low ionic strength. Specifically, for the
multilayers grown at physiological strength, the ratio between
the Sauerbrey masses calculated after and before the exposure to
the proteases was 0.62 + 0.20 in the case of trypsin and 0.73
0.16 in the case of proteinase K. The corresponding ratio between
the —AD-/Af; values after and before the exposure to the proteases
was 0.57 + 0.36 in the case of trypsin and 0.41 £ 0.24 in the case of
proteinase K. At this point, it is worth to note that whereas for the
multilayers grown at low ionic strength exposure to the proteases
for 20 min led to stable frequency and dissipation shifts, this was
not the case for the multilayers built at physiological ionic
strength. Even though in this case the rate at which mass
decreased was already significantly small after the investigated

20 min period, it was not zero. Thus, our data does not imply that
the multilayers built at physiological strength are not biodegrad-
able. It indicates instead that the biodegradation process would
take over a significantly longer period than for the multilayers
grown at low ionic strength.

The interaction of AuNPs with gelatin-TA multilayers, and their
effect on their degradation by proteases was also investigated by
means of QCM-D. The average values for the Sauerbrey mass and
—AD-/Af; ratio calculated from four different experiments for both
diluted PBS and PBS buffer are shown in Fig. 4. When gelatin-TA
multilayers grown both in PBS and in diluted PBS buffer were
exposed to a 1.44 - 10" ml~! in water solution of AuNPs for 20
min, and subsequently rinsed with the same buffer used while
building them, the areal masses of both systems reached a similar
value of ca. 8 mg m~2. Adsorption of AuNPs also led to highly elas-
tic (low viscous) multilayers as indicated by the significant
decrease in —AD/Af, Moreover, as shown as well in Fig. 4, exposure
to the proteases trypsin and proteinase K had a negligible effect on
the multilayers covered by AuNPs.

4. Discussion

The interaction between gelatin and TA has been extensively
described in the literature. Under alkaline conditions, ionic and
covalent forces may mediate the interaction between both com-
pounds [19]. However, at physiological and acidic pH conditions
it is more likely that this interaction is mediated by hydrophobic
and hydrogen bond forces [18,20]. Specifically, the hydrophobic
amino acid side chains on gelatin could develop hydrophobic inter-
actions with the aromatic rings of galloyl units on TA. Subse-
quently, hydrogen bonds could be formed between phenolic
hydroxyl groups on TA and carbonyl groups on gelatin molecular
chains. The same forces that mediate the interaction between both
compounds will also drive the layer-by-layer growth of gelatin-TA
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multilayers. However, the fact that at neutral and acidic pH condi-
tions gelatin and TA do not interact through electrostatic forces
does not imply that ionic strength does not play a role in the struc-
ture of gelatin-TA multilayers grown in these conditions. Ringwald
and co-workers [18] investigated the role of ionic strength in the
formation of gelatin-TA multilayers at pH 5. TA has a pKa close
to 8.5 [36]. Therefore, its interaction at pH 5 with gelatin should
not be influenced by the ionic strength. However, they observed
that higher multilayer thicknesses were obtained at lower ionic
strength. This was attributed to the effect of ionic strength on
the conformation of gelatin. The isoelectric point of the gelatin that
they used was reported to be ca. 4.9 i.e, it would be slightly
charged. Therefore, at low ionic strength gelatin would exhibit a
more swollen conformation due to the electrostatic repulsion
between its charged moieties. This would in turn lead to the
observed higher thickness of the gelatin-TA multilayers.

In contrast with the results from Ringwald and co-workers [18],
our experiments showed that higher thickness of the gelatin-TA
multilayers were obtained at higher ionic strength. This was so
even though our experiments were also performed at conditions
i.e.,, pH 7.4, where TA would not be electrostatically charged and
would, therefore, not develop electrostatic interactions with gela-
tin. Indeed, under low ionic strength conditions (diluted PBS buf-
fer) we observed that the mass of the multilayers hardly changed
after the second gelatin-TA deposition cycle. In contrast, the mass
of the multilayers grown at physiological ionic strength (PBS buf-
fer) exhibited a linear dependence with the number of deposition
cycles. However, our results do not really contradict those reported
by Ringwald and co-workers [18] as discussed below.

Focusing on our results at low ionic strength, gelatin readily
adsorbed on the initial PLL layer. Our experiments were performed
at pH 7.4. The isoelectric point of the gelatin employed in this work
was approximately 6 (information provided by the manufacturer).
Thus, gelatin develops a net (negative) charge in these conditions.
Therefore, its high affinity for PLL, a cationic polypeptide, can be
explained by means of electrostatic interactions. When the first
gelatin layer was exposed to TA, the overall QCM-D mass
decreased. However, QCM-D mass includes that of the adsorbed
material and that of the coupled solvent [37,38], so that it is often
referred as “wet mass”. Thus, a decrease in QCM-D mass does not
necessarily imply desorption of material from the sensor surface. It
can also be the result from dehydration, which was more likely the
case in our experiments. This is supported by the fact that expo-
sure to TA led to a significant decrease of the viscous character of
the multilayers i.e., lower —AD/Af values (Fig. 3b). The same is
supported by the observed higher resistance to the access of ferri-
cyanide and ferrocyanide ions to the electrode surface i.e., higher
Rer values (Fig. 1b). Thus, our results indicate that TA bound to
the first gelatin layer and that this resulted in a compacter struc-
ture and in a release of trapped solvent up to an amount that sur-
passed the mass of adsorbed TA molecules. A subsequent layer of
gelatin could still be adsorbed, which could be again compacted
by the addition of TA. However, further deposition cycles only
resulted in a subtle increase of the multilayer mass. This can be
explained by the strong and long-ranged inter and intra-
molecular electrostatic repulsion expected between the charged
gelatin molecules at low ionic strength. The fact that the second
deposition cycle resulted in a significant increase of the adsorbed
mass can be explained by the presence of the inner cationic PLL
layer. This layer could counteract the electrostatic repulsive forces
by which the already adsorbed gelatins would repeal the incorpo-
ration of further gelatins into the multilayer. This was supported
by the fact that if an initial PLL was not used to construct the mul-
tilayers, their growth was already hindered after the first deposi-
tion cycle, (Supporting Information, Fig. S1). However, the
multilayer thickness after the second deposition cycle (ca. 10 nm

if we assume a density of 1 g/ml) is already significantly higher
than the Debye length of the diluted PBS buffer (<3 nm). Thus,
gelatin molecules facing the surface after the second deposition
cycle would not be attracted by the underlying PLL layer. In this
scenario, their repulsive interaction with the already adsorbed
gelatin would limit their incorporation to the multilayer as exper-
imentally observed (Fig. 3a). Most likely, Ringwald and co-workers
[18,20] managed to build gelatin-TA multilayers at low ionic
strength because they operated at a pH only slightly higher than
the isoelectric point of the used gelatin. In this way, they mini-
mized the long-range electrostatic repulsion that, in our case, pre-
vented the multilayer growth.

At physiological strength, a different scenario was found. The
first deposition cycle resulted in a lower QCM-D mass than that
observed at low ionic strength. This was the result of the highly
swollen conformation of the gelatin molecules at low ionic
strength, which entailed a high amount of entrapped solvent. At
physiological ionic strength, gelatin molecules would be more
coiled as a result of the screening of the electrostatic repulsion
between them. This entailed a lower amount of entrapped solvent
and, therefore, of QCM-D mass. However, from the second deposi-
tion cycle the mass of the multilayers built at physiological
strength surpassed that of those built at low ionic strength. This
indicates that the screening of electrostatic interactions at these
conditions allowed the incorporation of gelatin to the multilayers
for all monitored deposition cycles. Indeed, at physiological ionic
strength the adsorbed mass increased in an approximately linear
way with the number of deposition cycles (Fig. 3¢). A linear growth
indicates that the adsorbing species deposit on the outer surface
with little interlayer diffusion [39]. This suggests that after each
deposition cycle, a well-defined gelatin-TA layer was formed,
which was supported by the fact that the —AD/Af values after
the addition of either gelatin or TA did not exhibit a clear depen-
dence with the deposition cycle (Fig. 3d). Focusing on each deposi-
tion cycle, we observed that, in the same way observed for the
multilayers built at low ionic strength, the incorporation of gelatin
lead to swollen layers subsequently compacted by the addition of
TA (which supports its crosslinking ability).

We investigated the resistance to proteolytic degradation of
gelatin-TA multilayers, built both at low and physiological ionic
strength, by exposing them for 20 min to trypsin and proteinase
K solutions in PBS buffer. We observed that the layers built at
low ionic strength were significantly degraded. This was inferred
by the decreased in the adsorbed mass from QCM-D experiments:
52% for trypsin and 41% for proteinase K (Fig. 3a). The effective Rcr
of the multilayers obtained by EIS also decrease by ca. one order of
magnitude after the exposure to the proteases (Fig. 1b). The multi-
layers built at physiological ionic strength were significantly more
resistant to proteolytic degradation. After their exposure to the
proteases, their mass as determined by means of QCM-D was low-
ered by 38% in the case of trypsin and 27% in the case of proteinase
K, and their effective R¢r hardly changed (Fig. 1c¢). These results can
be explained by the structural properties of the multilayers dis-
cussed above. In the multilayers built at physiological ionic
strength (PBS buffer), gelatin molecules would be highly coiled
not only because of their reduced intra-molecular repulsion but
also probably because they wrapped around TA molecules [20].
This led to a very compact structure that not only prevented
inter-diffusion of the material adsorbed during each deposition
cycle, but also limited protease access to susceptible cleavage sites.
The multilayers built at low ionic strength (diluted PBS buffer)
exhibited a highly swollen structure instead. This was supported
by the fact that after each deposition cycle, their Rcr values were
significantly lower, and their —AD/Af values significantly higher,
than those exhibited by multilayers built at physiological ionic
strength. Thus, the investigated proteases could easily access their
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corresponding gelatin cleavage sites when exposed to the swollen
multilayers built at low ionic strength and, therefore, degrade
them almost immediately.

Our results indicate that gelatin-TA films built a higher ionic
strength exhibited a significantly higher resistance to proteolysis.
However, this does not imply that they are not biodegradable, as
stable mass values were not achieved within our experimental
times. Our results indicate instead that proteolytic degradation of
these multilayers takes place over periods much longer than for
multilayers built at low ionic strength, which were degraded
almost immediately after the exposure to proteases. Thus,
gelatin-TA films grown at high ionic strengths are better suited
for applications such as edible packaging where an ability to resist
biological degradation for a long time is desirable.

The fact that EIS could monitor how gelatin-TA multilayers built
at low ionic strength were almost immediately degraded upon
exposure to proteases is also of high interest. As reported, exposure
to 20 min to a protease solution led to a decrease of one order of
magnitude of the effective Rcr of the multilayers. This opens the
possibility of using this degradation as a sensing mechanism for
electrochemically based sensors for e.g., bacteria and biofilms.

With this in mind, we tested a new approach to increase the
sensitivity of gelatin-TA multilayers as biosensors. We coated the
multilayers with AuNPs. By means of this approach, we expected
that the proteases would still be able to degrade the gelatin-TA lay-
ers so that the NPs would collapse leading to an even higher
decrease of the effective Rcr of the systems. However, this was
not the case. As shown, AuNPs exhibited a high affinity for
gelatin-TA multilayers independently of the ionic strength at
which they were grown. After being exposed to AuNPs, the moni-
tored QCM-D mass rapidly reached a stable value higher than that
of the multilayers by ca. 60-65 mg m 2 (Fig. 4), indicating an effec-
tive surface coverage. Their corresponding —AD/Af values went
down as well to values lower than that of the initial PLL layer indi-
cating an extremely low viscous character. This could be attributed
to the fact that the AuNPs dominated the viscoelastic behavior of
the multilayers, and not to a structural change of the underlying
gelatin-TA multilayers. This was supported by the fact that the
adsorption of AuNPs did not drastically alter the access of the fer-
ricyanide and ferrocyanide ions to the surface i.e., their effective
Rcr. When exposed to the proteases, the films coated with AuNPs
were almost unaltered (Fig. 1b and c and Fig. 4). This implies that
AuNPs almost completely prevented the diffusion of proteases
within the underling gelatin-TA films. Further studies are needed
in order to unravel the underlying mechanisms by which AuNPs
prevented the proteolytic degradation of gelatin-TA multilayers.
However, it is reasonable to expect that this was partly due to
the AuNPs forming a steric barrier to the proteases, which could
probably adsorb on the AuNPs surfaces as well.

Thus, coating gelatin-TA films with AuNPs drastically increased
their resistance to proteolytic degradation. This setup might be of
not very much use for sensing purposes. However, the use of
nanoparticles in food packaging as a way to reinforce their barrier
and mechanical properties has lately attracted significant interest
[40]. Because of their cost, AuNPs might not be ideal candidates.
However, it is reasonable to expect that other types of particles
e.g., silica nanoparticles, would prevent proteolytic degradation in
a similar way and could be used to extend the shelf life of edible
films.

5. Conclusions
A first conclusion of this work is that it is possible to grow, by

means of the layer-by-layer self-assembly method, gelatin-TA mul-
tilayers at physiological pH at both low and physiological ionic

strength. However, at low ionic strength the growth of the multi-
layers proceeds at a significant slower rate with respect to the
number of deposition cycles. This is a consequence of the inter-
molecular repulsion between gelatin molecules. At physiological
ionic strength, where this electrostatic repulsion is screened, the
multilayers exhibit instead a linear growth with the number of
deposition cycles.

This work was motivated by the hypothesis that the biodegrad-
ability of edible films could be tuned by controlling the ionic
strength at which they are built. Our findings confirmed this
hypothesis i.e., the ionic strength conditions during the growth of
gelatin-TA multilayers had a critical effect on their resistance to
proteolytic degradation. Gelatin-TA multilayers built at low ionic
strength were almost completely degraded upon exposure to pro-
teases whereas those built at physiological strength exhibited a
significant resistance to proteolytic degradation. This could be
attributed to the electrostatic repulsion between gelatin mole-
cules. The long-ranged electrostatic repulsion present between
the gelatin molecules while growing the multilayers at low ionic
strength resulted in a swollen structure that allowed proteases to
access gelatin cleavage sites. However, at physiological strength,
the screening of these electrostatic interactions led to multilayers
with a compact structure that limited protease access.

These findings indicate that the ionic strength during the con-
struction of protein films could be a key parameter to optimize
their performance for different applications. On the one hand,
gelatin-TA films built at high ionic strengths are better suited for
applications such as edible packaging where an ability to resist bio-
logical degradation for long periods is desirable. We also showed
that coating gelatin-TA multilayers with Au nanoparticles com-
pletely prevented proteolytic degradation. This suggests that coat-
ing biodegradable films with nanoparticles could lead to films of
extended shelf life, a research line that is worth further investiga-
tions. On the other hand, the fact that gelatin-TA multilayers
grown at low ionic strength were almost immediately degraded
upon the exposure to proteases, and that this degradation could
be monitored by means of EIS, opens the possibility to use these
multilayers in electrochemically based sensors for e.g., bacterial/
biofilms. This is, the presence of bacteria/biofilms in the ambient
medium could be detected by means of impedance changes result-
ing from the degradation of gelatin-TA multilayers grown on elec-
trode surfaces.
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